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propagation in volume holograms, complex fibers and solid state lasers. Those studies enabled
decrease of absorption and scattering in glasses and creation of comprehensive models for
complex holographic elements precise fabrication. These data were used for development of
numerous holographic optical elements that paves a way for unprecedented methods of laser
beam control. These elements are reflecting volume Bragg gratings (VBGs) for spectral
narrowing and stabilization of semiconductor, fiber and solid state lasers, transmitting VBGs for
angular selection of collimated beams for spatial brightness increase in all types of lasers,
multiplexed VBGs recorded in the same volume of glass for coherent and spectral combining of
laser beams, moiré VBGs providing narrowest spectral filtering, multipass VBGSs providing
ultimate contrast for spectral and angular filtering, chirped VBGs for ultrashort laser pulses
stretching and compression, holographic phase masks enabling mode conversion in laser
resonators and free space propagating beams, and achromatic phase masks that provide mode
conversion and aberration correction for beams with high spectral width. With the use of these
holographic elements such devices were created and studied as single transverse mode lasers
with Fresnel numbers exceeding 100 (theoretical limit was considered as unit), spectral
combiners of kilowatt fiber laser beams, spectral combiners of laser diode modules for dramatic
increase of pumping brightness for fiber lasers, coherent beams combiners providing coherent
emission of fiber laser arrays. Thus new horizons of diffractive optics based on photo-thermo-
refractive glass are demonstrated.



Contents
Volume 1

Scientific Progress and Accomplishments
1. Introduction
2. Photo-thermo-refractive (PTR) glass
2.1. Absorption
2.2. Crystalline phase precipitation and scattering
2.3. Photo-ionization and photo-thermal refractive index change
2.4. Long wavelength photosensitivity
2.6. Fiber PTR glass
2.6. Laser PTR glass
3. Volume holographic elements
3.1. Theory of beam propagation in complex volume Bragg gratings
3.1.1. Multiplexed gratings for beam combining
3.1.2. Mode selection by reflecting VBGs in converging beams
3.1.3. Stretching and compression of ultrashort laser pulses
3.1.4. Scheme ASADOG for stretching or compressing short optical pulses
3.1.5. Self-Fourier-transform beams and their quality characterization
3.1.6. Spectral dependence of optical absorption in VBGs
3.1.7. Effect of refractive index kinetics on optical properties of gratings
3.1.8. Metric for the measurement of the quality of complex beams
3.2. Aberrations and hologram recording setup
3.2.1. Design and assembly of aberration free stable recording setup
3.2.2. Phase stabilization technique for holographic recording
3.2.3. The effect of aberrated recording beams on VBGs
3.2.4. Holographic recording stabilization system
3.2.5. The effect of aberrations in a holographic system on reflecting VBGs
3.3. Multiplexed reflecting gratings
3.3.1. Multiplexed volume Bragg gratings for spectral beam combining
3.3.2. Forced air cooling effect on VBGs
3.3.3. Multiplexed volume Bragg gratings for coherent beam combining
3.3.4. Highly multiplexed reflecting gratings
3.4. Moiré gratings
3.5. Multipass gratings
3.6. Holographic phase masks
3.6.1. Encoding phase masks inside of transmitting volume Bragg gratings
3.6.2. Mode conversion by holographic volume phase masks
3.6.3. Achromatic phase masks

Volume 2
4. Photo-thermo-refractive fibers

5. Modal structure in fibers analysis
5.1. Introduction to S* measurement

12



5.2. Experimental setup

5.3. Mode analysis of a large mode area fiber

5.4. Mode analysis of large mode area photonic crystal fibers

5.5. Analysis of the modal content in LMA Tm doped fibers

5.6. Analysis of the modal content by combination of S1 and CFT methods
5.7. Comparative mode analysis of large-mode area fibers

5.8. Mode-resolved gain analysis in multi-core fiber lasers

5.9. Multi-supermode lasing in MCF

6. Laser brightness enhancement by VBGs

6.1. High brightness efficient diode pumping

6.2. Transverse mode selection by VBGs in a thin rod Yb:YAG laser
6.3. Transverse mode selection by VBGs in a thin slab of Nd:YVO,
6.4. Compact large aperture single mode solid state lasers

6.5. Brightness enhancement of a multi-mode ribbon fiber

6.6. Spectral narrowing and stabilization of interband cascade laser

7. Laser beams combining

7.1. Passive coherent combining of fiber laser beams
7.2. Spectral beam combining by multiplexed VBGs
7.3. Spectral combining kilowatt laser beams
7.4.Spectral combining laser diode beams

8. Summary

13
14
16
20
24
27
33
36
38
38
41
45
48
60
70
76
76
82
83
88
95



Scientific Progress and Accomplishments

1. Introduction

The main objective of this research project is to push forward the technology and applications of
volume Bragg gratings (VBGs) to provide operations with laser beams at the level required for
100 kW class laser systems. The general approach is to explore opportunities for power scaling
of CW and pulsed fiber lasers with the utilization of such new components as VBGs and more
complex holographic optical elements. This approach brings together research activities in
different but adjacent research fields: materials science (minimizing losses while maximizing
refractive index change in PTR glass, development of complex medium combining properties of
a photosensitive holographic material and a laser medium, development of PTR glass pairs for
fiber drawing, and shift of a photosensitivity spectrum to longer wavelengths), holography
(recording technology to improve efficiency and uniformity of volume Bragg gratings and to
develop a technology of grating multiplexing, creation of new phase optical elements which are
combinations of gratings and phase masks, and development of a new approach for temperature
control of volume Bragg gratings), semiconductor lasers (mode control and spectral beam
combining to achieve high brightness pumping), fiber lasers (modal analysis and selection of
transverse and longitudinal modes to achieve larger single mode area and minimize Brillouin
scattering, fibers and fiber lasers in PTR glass), and laser beam combining (coherent and
spectral).

The main areas of utilization of volume Bragg gratings (VBGSs) recorded in photo-thermo-
refractive (PTR) glass are following — diode lasers spectrally narrowed by VBGs are spectrally
combined by a stack of VBGs to provide the highest brightness with the minimum quantum
deficit in the gain fiber; a large area multimode fiber in an external resonator with a VBG mode
selector provides single-transverse mode operation at higher powers; coherent combining of
several lasers by means of passive radiation exchange by means of multiplexed VBGs provides
coherent beam combining within a single aperture; and spectral beam combining by a stack of
VBGs provides the final power scaling to the 100 kW level through a single aperture.

2. Photo-thermo-refractive (PTR) glass
2.1. Absorption

One of the main goals of the project is to decrease absorption of PTR glass in regions of high
power lasers emission in vicinity of 1 um. We have investigated the origin of absorption in
pristine PTR glass by combining the multi-wavelengths measurements of absorption performed
using a laser calorimetry system developed at CREOL. This method measures heating of a
sample by laser radiation. It is based on transmission monitoring of the intrinsic Fabry-Perot
interferometer produced by the plane-parallel surfaces of the measured sample when it is heated
by high power laser radiation. Repeatability of the measurements is better than 10% while
detection limit is below 10° cm™. Using this system, absorption was measured in several glass
melts at different wavelengths: 808, 976 and 1085 nm. It was found (Tab. 1) that in most of the
melts, absorption is the highest at 976 nm. Up to now, the only known sources of absorption



Table 1. Absorption measured at three wavelengths in several different glass melts

Melt ID# | A(808 nm) | A(976 nm) | A(1085 nm)
C43 8.89E-05 1.46E-04 1.02E-04
C44 9.96E-05 1.33E-04 8.91E-05
C45 6.73E-05 1.12E-04 8.84E-05
N47 1.21E-04 1.13E-04 1.03E-04

were associated with ferric iron having an absorption band with maximum at 1075 nm and silver
containing particles having an absorption band with maximum around 450 nm. It is obvious that
combining these two sources of absorption cannot explain higher absorption at 976 nm than at
808 or 1085 nm.

To investigate the source of this additional absorption, we developed a specific method that
would allow measuring the absorption spectra in pristine PTR glass with high accuracy using a
commercial spectrophotometer. Actually, the relative precision on any spectrum measurement
performed on the last generation of spectrophotometers (in our case a Perkin EImer Lambda 950)
is between 0.01 and 0.1%. This corresponds to optical density between 4x10™ and 4x10™. We
are trying to reveal changes of absorption of a few 10 cm™ and we know that the optical density
(OD) is proportional to the sample’s thickness (t).
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= 0.01 E Water
o N
c [
=
§ 0.001
= i
4
g I
0.0001 —+
0.00001 - EEEm— —
400 700 1000 1300 1600
Wavelength, nm

Fig. 1. Absorption spectrum measured in a 42-mm-
thick PTR glass sample.

To be able to detect fluctuations of the optical density of at least 4x107°, sample’s thickness must
be larger than 40 mm. We therefore prepared thick homogeneous PTR glass samples (t~42 mm),
in order to be able to detect small fluctuations of the PTR glass absorption. We also developed
the metrology and signal processing to allow such losses measurement in divergent beams and
tested the repeatability and the possible source of measurement error of this technique. Figure 1
shows a typical absorption spectrum measured in such a regular PTR glass. It is very noisy
because of very low level of absorption. This spectrum is overlapped with the spectrum of
hydroxyl groups as measured in fused silica by Heraeus Company. One can see some correlation
between the hydroxyl groups absorption spectrum of fused silica and the absorption spectrum of
PTR glass. This correlation is not strong because of high level of noise in the spectrum of



hydroxyl in multicomponent silicate glass. It is still very hard to extract a very accurate
absorption spectrum of PTR glass. However, it becomes quite clear that the higher absorption as
measured at 976 nm in pristine PTR glass can reasonably be associated with the third harmonic
of the hydroxyl groups absorption band. This absorption is very low (a few 10° cm™) due to the
low level of water in PTR glass (less than 30 ppm). We therefore see that dehydration of PTR
glasses will be one of the next challenges to solve in order to further decrease absorption in near-
IR range.

It is important to study the effect of UV-exposure (as needed to trigger the PTR glass
photosensitivity) on absorption in near IR region to enable PTR glass element operation in high
power IR laser beams. We studied a pristine high purity PTR glass and exposed this glass to UV-
radiation from a He-Cd laser (4 mW) at 325 nm. Dosage of UV-exposure was incrementally
increased up to 10 J/cm?, and bulk absorption was measured at 808 and 1085 nm for different
dosages of UV exposure (Fig. 2), using a custom calorimetric setup for low absorption
measurement *. One can see that increasing the dosage of UV-exposure tends to increase the
absorption at both 808 and 1085 nm. Similar experiment performed with a PTR glass sample
doped with a 15 ppm of iron resulted in an increase of the absorption at 1085 nm more than one
order of magnitude higher. It was shown that concentration of iron impurities in high purity PTR
glass being within 1 ppm. Therefore, this result tends to prove that one of the main mechanisms
at the origin of an increase of absorption in near-IR region after UV-exposure is the
photoinduced reduction of iron:
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Fig. 2. Dependence of absorption measured at 808 and
1085 nm on dosage of UV-exposure at 325 nm before
thermal treatment.

However, this model is not exhaustive. Actually, absorption increases both at 808 and 1085 nm.
However, due to the spectral dependence of the specific absorption of Fe?*, the increase of
absorption is expected to be smaller at 808 nm than at 1085 nm. Hence, data of Fig.2 cannot be
explained by such a simple model. To further understand the origin of this absorption, we
performed high accuracy spectroscopic measurement of absorption with a thick (50 mm) PTR
glass sample using a Perkin ElImer Lambda 950 spectrophotometer. We developed the methods
and procedures that allow treating and interpreting the data when thick samples are measured.

1 J. Lumeau, L. Glebova and L. B. Glebov, Applied Optics 50(30), 5905-5911 (2011)



Then we measured absorption in thick pristine high purity PTR glass and after exposing this
glass to 1 J/lcm? at 325 nm (Fig. 3). One can see that after UV-exposure, new absorption bands
with maximum in UV and visible regions tend to extend to near-IR region, contributing to an
increase of absorption at 808 nm and probably 1085 nm (but with smaller contribution). These
induced absorption band can be modeled using most of the electron and hole centers absorption
bands that were discovered when studying the generation of color centers in PTR glass matrix 2.
It is important to note that these centers are thermally stable, even when temperature is increased
to 300-400°C, in contrary to color centers in soda-lime silicate glass that tend to fade quickly at
temperature of 150°C. Therefore, one can expect that these centers still might contribute to
absorption in near-IR region after thermal treatment.
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Fig. 3. Absorption spectrum measured in a 50-mm
thick regular PTR glass in UV-VIS-NIR-regions. Blue
curve corresponds to pristine PTR glass, red curve
corresponds to PTR glass exposed to 1 J/cm? at

325 nm.

To further understand absorptio9n in PTR glass, an accurate method for the measurement of
small absorption in PTR glass and VBGs was presented. It is based on laser induced heating and
the measurement of the temperature increase using an interferometric method. It was shown that
absorption in pristine PTR glass is between 5x10™ and 10 cm™, while the lowest absorption
achieved in VBGs is 10 cm™. Absorption coefficient in this report is = —log,,T;/t , where T; is
internal transmission of the sample and t is the thickness.

Regular photosensitive PTR glass containing 15Na,0-5ZnO-4Al,03-70SiO,—5NaF-1KBr—
0.01Ag,0-0.01Ce0;, (mol.%) and minor amounts of Sn and Sh was used. Polished
25x25x5 mm?® samples were prepared for these experiments. The chemical homogeneity of the

2 K. Chamma, J. Lumeau, L. Glebova, and L. B. Glebov, Journal of Non Crystalline Solids 356 (44-49), 2363-2368
(2010)

%J. Lumeau, L. Glebova and L. B. Glebov, "Near-IR absorption in high purity photo-thermo-refractive glass and
holographic optical elements: measurement and application for high energy lasers", Applied Optics 50(30), 5905—
5911 (2011).



samples is a critical parameter affecting PTR glass properties,* thus homogeneity was tested by
the shadow method in a divergent beam of a He—Ne laser and was quantified by measurements
using a Fizeau interferometer (GPI Zygo). The samples selected for this study had refractive
index fluctuations of less than 40 ppm (peak-to-valley) across the aperture.

UV-exposure of samples was performed by scanning a He-Cd laser (4 mW, 325 nm) over the
glass aperture. Dosage was controlled with the scanning speed.®> Some of the samples were then
nucleated at 485°C for 100 minutes and heat-treated for one hour at temperature 515°C. After
heat-treatment, the samples were re-ground and polished in order to remove any incipient silver
precipitation or NaF crystallization on the surfaces that would contribute to an increase of the
measured absorption. Testing performed on samples with different thicknesses showed that
surface absorption contribution is no more than a few percent of the bulk absorption and
therefore can be neglected.

Absorption was analyzed by combining two different techniques. First of all we used a custom
absorption measurement setup combining calorimetry and interferometry.® This setup uses three
different lasers with respective wavelengths of 808, 976 and 1085 nm. Accuracy of these
measurements was within a few percent of the measured absorption whatever the measured
absorption value was. We also carried out transmission spectra measurements in the 200-

3000 nm range using a Perkin EImer Lambda 950 spectrophotometer and transmission spectra
measurements in the 2500-5000 nm range using a Perkin Elmer Spectrum 100 Optica FTIR
system. As spectrophotometers measured overall losses, i.e. the sum of absorption and scattering
losses, the models that were developed in order to separate the contributions of absorption and
scattering described in the previous report were applied to each measured spectrum. Also it is
important to note that while the relative precision of spectrophotometric measurements is
between 0.01 and 0.1%, the absolute precision on one order magnitude worse, i.e. between 0.1
and 1%. To overcome this difference, we developed a custom laser photometer that allows the
measurement of the reflection and the transmission at 1085 nm without any interference problem
and an absolute precision of 0.01%. In this case, this measurement was used to calibrate the
spectrophotometric measurements and therefore achieve a relative and an absolute precision on
losses both between 0.01 and 0.1%.

*J. Lumeau, A. Sinitskiy, L. N. Glebova, L. B. Glebov and E. D. Zanotto, "Method to assess the homogeneity of
photosensitive glasses: application to photo-thermo-refractive glass", Journal of Non Crystalline Solids 355, 1760—
1768 (2009).

*O.M. Efimov, L.B. Glebov and H.P. Andre, “Measurement of the induced refractive index in a photo-thermo-
refractive glass by a liquid-cell shearing interferometer”. Appl. Optics, 41 (2002) 1864-1871

®J. Lumeau, L. Glebova and L. B. Glebov, "Near-IR absorption in high purity photo-thermo-refractive glass and
holographic optical elements: measurement and application for high energy lasers", Applied Optics 50(30), 5905—
5911 (2011).
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Fig. 4. Absorption spectrum of pristine PTR glass. A — absorption coefficient range 0-3 cm™, B — absorption
coefficient range 0-0.1 cm™.

Figure 4A shows the typical absorption spectrum measured in a regular PTR glass sample in the
range from 200 to 4200 nm. One can see that, in first approximation, the typical transparency
range of PTR glass lies in between 350 and 2500 nm. The lower limit is due to the presence of
cerium ions in the glass which are mandatory elements for having photosensitivity of the PTR
glasses at 325 nm. The recent studies have shown that this absorption is the combination of the
overlapped absorption bands of Ce** and Ce** ions.” Regarding the longer wavelength
transmission limit, this one is associated with two different contributions. The first one is the
presence of hydroxyl groups. It was shown that absorption spectrum of water extracted from
experimental spectra of soda-lime silicate glass®® contains well known absorption bands at 2300,
2800, and 3500 cm™ and their multiphonon repetitions in the short wavelength region. Recent
studies have shown that the same bands apply to PTR glasses, ' therefore limiting transparency
range of PTR glass to 2700 nm. Within the same study, it was also shown that the dehydration of
PTR glass is not enough to provide a longer wavelength limit up to 3500 nm. A new absorption
band of the silicate glass matrix with maximum at 3.2 um and going down to 2.8 um was
retrieved. It was assigned to the three-phonon absorption of the asymmetric stretch vibration
transition of sodium silicate glass at 10.6 pm.

Zooming on the transmission spectra of PTR glass (Fig. 4B) shows that defining such a large
transmission range is not completely accurate. In the range from 1600 to 2600 nm, one can see
that absorption ranges 0.001 and 0.025 cm™. This absorption can be associated with harmonics
of the water and hydroxyl group absorption bands. While such level of absorption is tolerable for
low power applications, it becomes unacceptable as soon as power reaches the watt or tens of

" M. Anne, J. Lumeau, L. Glebova and L.B. Glebov, "Specific absorption spectra of cerium in multicomponent
silicate glasses”, Journal of Non Crystalline Solids 356 (44-49), 2337-2343 (2010).

8 E.N Boulos, L.B Glebov, T.V Smirnova, "Absorption of iron and water in the Na20—CaO-MgO-SiO2 glasses. I.
Separation of ferrous and hydroxyl spectra in the near IR region", Journal of Non-Crystalline Solids 221(2-3), 213-
221 (1997).

° L.B. Glebov, E.N. Boulos, "Absorption of iron and water in the Na20-CaO-MgO-SiO2 glasses. 1. Selection of
intrinsic, ferric, and ferrous spectra in the visible and UV regions", Journal of Non-Crystalline Solids 242, 49-62
(1998).

M. Anne, L. Glebova, J. Lumeau and L. B. Glebov, "IR absorption edge of multicomponent silicate glasses", 8th
Pacific Rim Conference on Ceramic and Glass Technology (PACRIM 8) (Vancouver, British Columbia, Canada),
paper PACRIM8-S25-005-2009, June 2009.




watts level. Therefore, high transparency range of PTR glass can be narrowed down to
wavelengths between 400 and 1600 nm where absorption appears to be below 10 cm™.

The fabrication of volume Bragg gratings (VBGS) in PTR glass requires a multi-step processing
of the glass. First of all the glass is exposed to UV-radiation producing an oxidation of Ce** and
the formation of atomic silver (Ag* + Ce** + hv— Ag® + Ce*"). Then, heat-treating the glass at
temperatures above the glass transition temperature triggers silver clustering during a first high
temperature thermal treatment, and then heterogeneous nucleation and growth of NaF nano-
crystals on further heating. The appearance of these NaF nano-crystals correlates with the
appearance of a refractive index change of the UV-exposed areas.'! In this section, we study the
impact of each of these steps on absorption in visible and near-IR ranges.
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Fig. 5. Dependence of the absorption in PTR glass on
dosage of UV-exposure. Red dots: high purity glass at
1085 nm, blue dots: in high purity glass at 808 nm,
green dots: in low grade glass at 1085 nm.

The recording of volume Bragg gratings first requires the exposure of PTR glass to UV-laser.
We investigated the impact of UV-exposure on absorption. We considered a pristine PTR glass
and measured its absorption at 808 and 1085 nm using the calorimetric setup, equal at both
wavelength to ~10“ cm™. We then exposed this glass to the radiation from a He-Cd laser at
325 nm incrementally increasing the dosage of UV-exposure up 10 J/cm? and measuring
absorption at dual wavelength after each increment (Fig. 5). One can see that increasing the
dosage of UV-exposure increases the absorption in near-IR range. Experiments performed on
glasses melted with chemicals with lower purity resulted in a higher absorption increase at
1085 nm, proving that UV-exposure tends to effect the absorption level of these impurities. As
we have seen in the previous section, one of the most critical impurities is iron. While Fe** does
not present any absorption band in near-IR range, Fe** has a very broad one with maximum at
~1100 nm. Therefore, one might expect that exposure changes the valence state of iron
converting Fe** into Fe?".

117 cardinal, 0.M. Efimov, H.G. Francois-Saint-Cyr, L.B. Glebov, L.N. Glebova and V.I. Smirnov, "Comparative
study of photo-induced variations of X-ray diffraction and refractive index in photo-thermo-refractive glass",
Journal of Non-Crystalline Solids 325 (2003) 275-281.



Table 2. Gaussian functions parameters and assigned charges for absorption bands of
photoinduced color centers in PTR glass.

Central

Gaussian wavelength, nm Charge Width, cm™
G1 214 hole 1886
G2 232 electron 1534
G3 262 Unknown 3100
G4 300 hole 2507
G5 344 electron 2740
G6 381 electron 3357
G7 434 hole 3313
G8 - hole -

G9 680 hole 2850

To further understand the origin of this absorption after UV-exposure, we combined the
calorimetric data with high accuracy spectroscopic measurement of absorption on thick (42 mm)
PTR glass using the Perkin EImer Lambda 950 spectrophotometer. We plotted in Fig. 3 the
absorption spectrum measured in a thick pristine high purity PTR glass and after exposing this
glass to 1 J/lcm? at 325 nm. One can see that after UV-exposure, new absorption bands with
maxima in UV and visible regions that tend to extend to near-IR region, contributing to an
increase of absorption at 808 nm and probably 1085 nm (but with smaller contribution). To
understand the origin of these absorption bands we modeled the induced absorption (difference
between the absorption spectra measured on the same PTR glass after and before UV-exposure)
using the electron and hole centers absorption bands that were discovered when studying the
generation of color centers in PTR glass matrix.'? Parameters of each band are summarized in
Table 2.

One can see in Fig. 6 that a linear combination of some of these bands allows an accurate
description of the PTR glass induced absorption spectrum, proving that color centers are most
probably at the origin of the additional induced absorption after PTR glass UV-exposure.
Moreover, it is important to stress that these centers are thermally very stable, even when
temperature is increased to 300-400°C, in contrary to color centers in soda-lime silicate glass that
tend to fade quickly at temperature of 150°C." Therefore, one can expect that these centers still
might contribute to absorption in near-IR region after thermal treatment. However, as it will be
seen later, such a conclusion is hard to make due to the appearance of new absorption species
with maximum in the blue/green region.

12 K. Chamma, J. Lumeau, L. Glebova, and L. B. Glebov, "Generation and bleaching of intrinsic color centers in
photo-thermo-refractive glass matrix", Journal of Non Crystalline Solids 356 (44-49), 2363-2368 (2010).

B A.V. Dotsenko, L.B. Glebov, V.A. Tsekhomsky, Physics and Chemistry of Photochromic Glasses. CRC Press,
Boca Raton, NY, 1997.



Wavelength, nm

1000 500 333 250 200
10 ¢ 1 1 1

£

o

c 14

2

g8

3 0.1 -

Qo

[ [

- L

8 001+

> E

o F

E [

0.001,__;__;_‘__.}‘\\\\4‘;\\\\\\\

10000 20000 30000 40000 50000

Wavenumber, cm-1

Fig. 6. Absorption spectra of a 42 mm thick high
purity PTR glass. Red curve - induced absorption
spectrum — difference between blue and red curves in
Fig. 3 and its modeling using the sum of the Gaussian
bands of color centers generated in PTR glass matrix
(blue curve - sum of the bands, grey curves -
individual Gaussian bands).

The second processing step of PTR glass consists in heat-treating the glass at high temperature
using a two-step process: first nucleating the glass at a temperature around 485°C and then
developing the glass at a temperature around 515°C in order to promote the growth of NaF
crystals. While nucleation does not produce any measurable change of the absorption of VBGs in
PTR glass, this step is one of the most critical steps in term of increasing the PTR glass
absorption. The nucleation of PTR glass relies on the creation of silver containing particles with
a plasmon resonance generating an absorption band in the 400-500 nm region. It was shown that
this absorption band is not an elementary absorption band but the sum of several elementary
absorption bands corresponding to particles combining silver and bromine. Table 3 summarizes
each of the absorption band parameters and origin that were used to model silver containing
particles absorption band at any stage of the thermal treatment process.

Table 3. Parameters of the Gaussian bands (G;) and exponential tails (E;) used for the fitting
of silver containing particles absorption band. 6i is the central wavenumber in cm™, Ag; is the
half width at 1/e? and A;° the central wavelength in nm.

G4 G3 G2 Gl E2 El
i 26575 24275 22000 19500 8 7.2
Ao 3465 2055 3200 2800 20000 18000
AP 376 412 455 513 4.E-04 4.E-04

Origin Hole Ag AgBr Ag/AgBr G2 Gl




The silver containing nanoparticles of AgBr and AgBr:Ag have particular properties as they have
a long-wavelength tail following an Urbach rule,** therefore contributing to near-IR region
absorption. Figure 7 presents an example of the structure of the silver containing particles
produced in PTR glass after nucleation. It is important to note that this structure evolves in the
process of PTR glass heat-treatment."® Precise calorimetric characterization of absorption at
1085 nm performed on PTR glasses after UV-exposure and thermal treatment showed that
abszprptiflJn increases by more than one order of magnitude reaching a level between 5x10° and
10“cm™.

Fig. 8. Dependence of bleaching efficiency of Ag
containing particles on 10 ns pulse energy density at
532 nm.

Fig. 7. Typical decomposition of silver containing
particles absorption spectrum using Gaussian and
exponential functions. G1 and E1 are in green, G2 and
E2 in orange, G3 in yellow and G4 in pink, the sum of
the bands id in blue. Experimental data are in red, the
sum of modeling functions is in blue.

To overcome this problem of high absorption in the final VBG, methods for mitigating this
absorption were developed. It was shown that absorption band of the silver containing particles
can be bleached using the second harmonic of a Nd:YAG laser. It was shown that it is therefore
possible to severely decrease the absorption in VBGs used in high power beams and that intense
bleaching can permit to bleach not only the visible part of absorption but also the long
wavelength tail. Bleaching mechanisms were also studied and shown to rely on a more complex
interaction than simple two-photon absorption process. In Fig. 8, we show the dependence of
bleaching efficiency on energy per pulse. One can see that below 0.1 J/cm?, no or un-measurable
bleaching occurs while above 1 J/cm?, efficiency saturates and above 2 J/cm?, damage threshold
of platinum particles is achieved. This atypical behavior was explained by the fact that optical
bleaching of silver containing nano-particles is not an optical process but a thermal process based
on the gradual dissipation of these particles as the number of pulses is increased. Therefore,
silver containing particles are destroyed by thermal destruction of those one and diffusion of the
components in the cold glass matrix. Using this technique, it was possible to achieve absorption

YF. Moser and F. Urbach, "Optical absorption of pure silver halides", Phys. Rev. 102 (6), 1519 — 1523 (1956).
15J. Lumeau, L. Glebova and L. B. Glebov, "Evolution of Absorption Spectra in the Process of Nucleation in Photo-
Thermo-Refractive Glass", Advanced Materials Research, 39-40, 395-398 (2008).































































































































































































































































































































































































































































